Epiregulin (EREG) induces cell growth by binding to the epidermal growth factor receptor (EGFR). Expression of EREG affects sensitivity to cetuximab a chimeric monoclonal antibody that inhibits the EGFR signaling pathway. The mechanism through which EREG is regulated is largely unknown, but a methyl-array study previously performed by our group revealed that EREG is methylated in gastric cancer cells. In this study, we found that EREG gene expression was low in 7 out of 11 gastric cancer cells and this downregulation was mediated by aberrant CpG methylation of the EREG promoter. Treatment with 5-aza-CdR restored EREG expression and demethylated CpG sites in the EREG promoter. Compared with DNA methyltransferase 1 (DNMT1), knock-down of DNA methyltransferase 3b (DNMT3b) significantly increased the expression of EREG and led to the demethylation of specific CpG sites in the EREG promoter, suggesting that DNMT3b primarily regulates CpG methylation and silencing of the EREG gene. EREG methylation was observed in 30% (4/13) of human primary gastric tumor tissues we evaluated. In addition to DNA methylation, results from a chromatin immunoprecipitation assay demonstrated that transcriptional levels of EREG were associated with the enrichment of active histone marks (H3K4me3 and AcH3) and of a repressive mark (H3K27me2). Treatment with 5-aza-CdR dynamically increased the low occupancy of H3K4me3 and AcH3, while decreasing the high enrichment of H3K27me2, indicating that dynamic histone modifications contribute to EREG regulation in addition to DNA methylation. Finally, the combination of 5-aza-CdR and cetuximab exerted a synergistic anti-proliferative effect on gastric cancer cells. Taken together, the results of our study showed for the first time that EREG is epigenetically silenced in gastric cancer cells by aberrant DNA methylation and histone modification.
1
EREG functions as a ligand of the EGF receptor (EGFR or HER1) and HER4.
1,2 EREG stimulates the proliferation of keratinocyte, non-transformed fibroblasts and hepatocytes; this factor is also associated with differentiation, cell migration, adhesion and facilitating new tumor blood vessels assembly in breast cancer. 3, 4 Overexpression of EREG has been observed in various cancer cells including those in the bladder, lung, kidney and colon; 5 however, not all cancer cells have high levels of EREG expression. Other studies have reported that EREG inhibits the growth of several tumor-derived epithelial cell lines and is not essential for the development of intestinal tumors. 3, 5 EREG has received much attention in recent years. Recently, EREG and AREG expression was found to be associated with cetuximab sensitivity. Expression of these factors may also be used to predict the outcomes of metastatic colorectal cancer patients treated with cetuximab and liver metastasis in colorectal cancer patients. [6] [7] [8] [9] Thus, the molecular mechanism underlying transcriptional regulation of EREG and the biological effects of EREG on tumorigenesis need to be elucidated.
Epigenetic modification, such as DNA methylation, histone modification, chromatin remodeling and micro RNA, are essential and crucial for normal cellular differentiation, development and gene expression. 10 Several studies have reported abnormal epigenetic modifications associated with tumorigenesis and in various cancers. 10, 11 As these epigenetic events are reversible, abnormal alterations of these events can be used as therapeutic targets for treating cancer. 12 In particular, DNA methylation at the CpG dinucleotide has a critical role in epigenetic programming of gene expression. 13 Many studies have shown that CpGs methylation in the promoter region is closely associated with gene silencing. Hypermethylation of tumor-suppressor genes in their promoter may strongly interfere with the binding of many transcription factors to the promoter, which regulates gene transcription and is important in the etiology of human cancers. 14, 15 DNA methyltransferases (DNMTs) are a family of enzymes, which methylate the carbon 5 position of cytosine residues in CpG dinucleotides. 16 DNMT1, -3b, -3a and -3L belong to the DNMT family. 16 In general, DNMT1 is responsible for maintaining DNA methylation patterns during cell division, 13 while DNMT3b and DNMT3a are associated with de novo methylation. 17 In addition to DNA methylation, histone modification also helps organize nuclear architecture for the regulation of gene expression and serves as a dynamic regulator of gene activities. 18 Unlike DNA methylation, covalent histone modifications are more unstable and diverse; these include post-translational modifications as acetylation, phosphorylation, methylation, sumoylation and ubiquitylation. 19 To date, many studies have established that acetylation of histone lysines and methylation of lysine 4 in the histone H3 core are correlated with activation of transcriptional activity 20, 21 whereas methylation of lysine 9 and lysine 27 in the histone H3 core is closely linked to repression of transcriptional activity. 22 In this study, we found that EREG expression was silenced by aberrant promoter methylation. This was accompanied by histone modifications including low enrichment of active histone modification marks and high occupancy of repressive histone modification mark like H3K27me2. In particular, our data showed that DNA methylation of EREG was regulated by DNMT3b but not DNMT1 in gastric cancer cells. Finally, we observed that a combination of cetuximab and 5-aza-CdR reduced tumor viability in vitro and in vivo. Eleven human gastric cancer cells (SNU1, SNU5, SNU16,  SNU216, SNU484, SNU601, SNU620, SNU638, SNU668,  SNU719 and AGS) were obtained from the Korea Cancer Cell Bank (Seoul, South Korea). Thirteen primary human gastric tumor tissues and their matching normal tissues were obtained from Seoul National University Hospital (South Korea). After surgical removal, the tissues were immediately frozen in liquid nitrogen and stored until required.
MATERIALS AND METHODS Cells and Primary Human Gastric Tissues

Cell Culture and Drug Treatment
Cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, and gentamicin (10 mg/ml) at 37 1C in a humidified 5% CO 2 atmosphere. 5-Aza-2 0 -deoxycytidine (5-aza-CdR; Sigma, St Louis, MO, USA) was administered every 48 h for 4 days at concentrations indicated in the figure legends and then the cells were harvested on day 5.
RT-PCR and Quantitative Real-Time RT-PCR Total RNA was harvested with TRI Reagent (Molecular Research Center, Cincinnati, OH, USA) in accordance with the manufacturer's instructions. cDNA was synthesized from 2 mg of total RNA using ImProm-II reverse transcriptase (Promega, Madison, WI, USA) and amplified by RT-PCR using HotStart Taq (Qiagen, Hilden, Germany) with gene-specific primers. b-actin expression was used as an internal RT-PCR control. For quantitative real-time RT-PCR (qRT-PCR), cDNA was amplified using Premix Ex Taq (TaKaRa, Shiga, Japan) with SYBR Green I (Molecular Probes, Eugene, OR, USA) using a Step One Plus system (Applied Biosystems, Foster City, CA, USA). The sequences of all primers used for PCR are listed in Supplementary Table S1 .
Methylation-Specific PCR, Bisulfite Sequencing and Pyrosequencing Genomic DNA (gDNA) samples were isolated using a QIAamp DNA mini kit (Qiagen). gDNA (1 mg) was treated with sodium bisulfite and EpiTech Bisulfite (Qiagen). MSP was conducted using HotStart Taq (Qiagen) with primers specific for methylated or unmethylated sequences of the genes. Amplification conditions were as follows: 95 1C for 10 min, and 32 cycles of 95 1C for 20 s, 56 1C for 20 s and 72 1C for 20 s, followed by a final extension at 72 1C for 10 min. For bisulfite sequencing, PCR was performed as described above. The PCR products were gel purified and cloned into a TOPO TA cloning vector (Invitrogen, Carlsbad, CA, USA). The inserted PCR fragments of individual clones were sequenced. For pyrosequencing analysis, bisulfite-modified gDNA was amplified with specific primers that were biotinylated. Preparation of single-stranded DNA template, annealing to the pyrosequencing primer, and pyrosequencing were performed using PyroGold Q96 SQA reagents with a PyroMark ID pyrosequencer (Qiagen) according to the manufacturer's protocol. The pyrosequencing data were analyzed using Pyro Q-CpG software (Qiagen). All primer sequences for PCR and pyrosequencing are listed in Supplementary Table S1 .
siRNA Specific for DNMT1 and DNMT3b siRNA specific for DNMT1 and DNMT3b has been previously described 23 and control siRNA with scrambled sequences were obtained from Qiagen. Transfection of SNU601 cells was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Each siRNA (20 nM) were used to transfect cells every 48 h for 6 days.
Chromatin Immunoprecipitation Assay
A chromatin immunoprecipitation (ChIP) assay was performed as previously described. 24 Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room temperature. The reaction was terminated by incubation with 0.125 M glycine for 5 min at room temperature. Nuclei were prepared and digested with 40 U MNase (Worthington Biochemical, Lakewood, NJ, USA) at 37 1C for 15 min, and were then sonicated so that the chromatin had an average fragment size of 200-400 bp. The pre-cleared chromatin was incubated overnight with antibodies at 4 1C. The chromatin was immunoprecipitated with protein A agarose (Millipore, Billerica, MA, USA), which was pre-equilibrated with sonicated salmon sperm DNA and bovine serum albumin (BSA). The immunoprecipitated materials were then washed extensively, and cross-linking was reversed. DNA from the eluted chromatin was purified by phenol extraction and ethanol precipitation. Differences in DNA enrichment of the ChIP assay samples were determined by quantitative RT-PCR using 2.5% of the precipitated sample DNA and 0.02% of the input DNA. All sequences of the EREG promoter-specific primers for the ChIP assay are listed in Supplementary Table S2 .
The following antibodies were used for the ChIP assay. RNA polymerase II (Pol II; SC-899) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-acetyl histone H3 (AcH3; 06-599), anti-trimethyl histone H3 (Lys4, H3K4me3; 07-473) and anti-dimethyl histone H3 (Lys27, H3K27me2; 07-452) were from Millipore.
Cell Growth Inhibition Assay
Cell growth was measured by an MTT assay as previously described. 25 Briefly, SNU16, SNU601 and SNU719 cells were seeded in 96-well plates and incubated at 37 1C for 24 h. The cells were then treated with 70 nM of 5-aza-CdR (Sigma) or DMSO. After 2 days, 0, 1, 10, 100 or 200 mg/ml of cetuximab alone or combination with 70 nM 5-aza-CdR was added to the cells. After 3 days, 50 mg of tetrazolium-dye (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide, MTT; Sigma) were added to each well and the samples were then incubated for 4 h to reduce the dye. Next, the samples were treated with DMSO (Sigma) after which the absorbance of the converted dye in the living cells was measured using a microplate reader (Versa-Max, Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 540 nm. Six replicate wells were used for each analysis, and at least three independent experiments were conducted.
Xenograft Mouse Model
Animal experiments were carried out in the animal facility of Seoul National University in accordance with institutional guidelines. To determine the in vivo activity of the combination of 5-aza-CdR and cetuximab, 4-week-old BALB/c athymic nude mice were purchased from Central Lab Animal (Seoul, South Korea). The mice were permitted to acclimatize to local conditions for 1 week before being injected with cancer cells. Mice were injected subcutaneously with SNU601 cells in 100 ml of PBS (5 Â 10 7 cells per 100 ml PBS). When the tumor volume reached 200 mm 3 , the mice were randomly divided into four groups (n ¼ eight per group) and received (day 1) vehicle, 5-aza-CdR (5.0 mg/kg) suspended in PBS, cetuximab (10 mg/kg), or a combination of the two drugs (5-aza-CdR (5.0 mg/kg) þ cetuximab (10 mg/kg)) and the experimental drug administration protocol was initiated (day 1). All drugs were administered via intraperitoneal injection twice a week for 3 weeks. The tumor volume was measured every other day using calipers, and was calculated according to following formula: ((width) 2 Â (height))/2. After the final treatment (day 22), all mice were euthanized.
Western Blot Analysis
Cells were harvested and resuspended in lysis buffer with protease inhibitors. The same amount of protein (20 mg) was then obtained from each suspension and subjected to 9B13% SDS-PAGE after which the separated proteins were transferred to a nitrocellulose membrane. After blocking with buffer containing 5% skim milk plus 5% BSA, the membrane was incubated overnight with primary antibodies at 4 1C. Antibodies against p-EGFR (pY1068), p-STAT3 (pY705), p-AKT (pS473), EGFR, STAT3, AKT and caspase-3 were purchased from Cell Signaling Technology (Beverley, MA, USA). Antibodies against EREG, DNMT1 and DNMT3b were obtained from Santa Cruz Biotechnology. Antia-tubulin antibody was acquired from Sigma-Aldrich.
RESULTS
Loss of EREG Expression in Gastric Cancer Cells
We first examined the expression of EREG in human gastric cancer cell lines. Among the 11 gastric cancer cell lines we evaluated (Figure 1b ), EREG mRNA was barely detectable in seven (SNU1, SNU16, SNU484, SNU601, SNU620, SNU719 and AGS) and highly expressed in the remaining four (SNU5, SNU216, SNU620 and SNU668). To determine whether the EREG gene was silenced by an epigenetic mechanism in the gastric cancer cell lines, SNU601 (which expresses low levels of EREG mRNA) and SNU668 (which expresses high levels of EREG mRNA) cells were treated with the DNA demethylating agent 5-aza-CdR. We extracted mRNA and then analyzed it by qRT-PCR ( Figure 1c and Supplementary Figure S1a ). This analysis showed that treatment of SNU601 cells with 5-azaCdR increased the level of EREG mRNA by 230-fold and EREG protein expression (Figure 1c ), suggesting that EREG may be silenced by DNA methylation in SNU601 cells. We also found that EREG mRNA expression in SNU601 cells gradually increased in a time-dependent manner following 5-aza-CdR treatment ( Figure 1d and Supplementary Figure S1b) .
We then confirmed the recovery of EREG mRNA expression in gastric cancer cell lines with endogenously low or high levels of EREG mRNA after 5-aza-CdR treatment. RT-PCR analysis showed that EREG gene expression was significantly increased in SNU601, SNU620, SNU719 and AGS cells by 
Correlation of EREG Promoter Methylation with Transcriptional Silencing
To determine whether the silencing of EREG expression was due to promoter methylation, we examined the methylation status of the EREG promoter region in SNU601 and SNU668 cells using MSP (Figure 2a) , which covered the regions within À1650 to À1350 (region 1), À380 to À224 (region 2) and þ 101 to þ 263 (region 3). Results of the MSP assay revealed distinct differences in CpG methylation of the EREG promoter between SNU601 and SNU668 cells. In region 2 and 3 of the EREG promoter, a methylated band (lanes indicated by M) was identified in SNU601 cells whereas an unmethylated band (lanes indicated by U) was observed in SNU668 cells. As there was no significant difference in CpG methylation between the two cell lines in region 1, we excluded region 1 of EREG promoter from the analysis.
To confirm the MSP assay results and determine the precise methylation status of the EREG promoter, we performed bisulfite sequencing of regions 2 and 3. We also evaluated region 4 that was located between regions 2 and 3 of the EREG promoter (Figure 2b) . Consistent with the MSP data, regions 2 and 3 of the promoter were highly methylated in SNU601 cells while these regions were unmethylated in SNU668 cells. To further quantify EREG promoter methylation, we measured the percentage of CpG methylation in the promoter in SNU601 and SNU668 cells by pyrosequencing analysis (Figure 2c ). Two different primers corresponding to sequences located in regions 2 or 4 were used for this procedure. Consistent with the bisulfite sequencing data, To further investigate CpG methylation-mediated transcriptional silencing of EREG, SNU601 cells were treated with 5-aza-CdR. Using a bisulfite sequencing assay, we showed that 500 nM of 5-aza-CdR caused a statistically significant reduction (*Po0.05) in EREG promoter methylation, from 95 to 50% overall (Figure 2d) . Consistent with the bisulfite sequencing results, pyrosequencing analysis also showed that treatment with 500 nM of 5-aza-CdR led to decreased EREG promoter demethylation of about 50% (Figure 2e) , suggesting that the restoration of EREG mRNA expression following 5-aza-CdR treatment was caused by significant demethylation of the hypermethylated CpG sites in the EREG promoter. 26, 27 DNMT3b is directly associated with many human diseases including cancer. 28, 29 For example, upregulation of DNMT3b expression is observed in sporadic breast carcinoma and acute myeloid leukemia while DNMT1 and DNMT3a levels are reduced.
Recovery of Expression and Demethylation of the
EREG Gene by Transient DNMT3b Silencing DNA methylation is initiated by methyltransferases, DNMT3a and DNMT3b, which use unmethylated DNAs as the substrate for de novo methylation.
30
DNMT3b is also overexpressed and linked to the CpG island methylator phenotype in colon cancer. 31 Each DNMT (DNMT1, DNMT3a and DNMT3b) is recruited with some proteins, such as methyl CpG-binding protein and histone deacetylase, to distinct chromosomal regions. 32 DNMT3b is known to regulate and target specific genes. 29, 33 To determine which DNMTs are associated with EREG promoter methylation, SNU601 cells were transiently transfected with 20 nM of control, DNMT1-or DNMT3b-specific siRNA. The level of gene expression and methylation status of the EREG gene were determined. The levels of DNMT1 and DNMT3b decreased 450% in DNMT1 or DNMT3b knockdown SNU601 cells, respectively (Figures 3a and b , and Supplementary Figure S3a) . As we previously reported that the levels of RASSF1A mRNA were restored and demethylated in transient DNMT1 knock-down SNU601 cells, 23 we examined the induction and demethylation of RASSF1A to confirm that DNMT1 or DNMT3b were efficiently and specifically knocked-down in the SNU601 cells (Figure 3d ). Figure 3d shows the restoration of RASSF1A mRNA expression in DNMT1 knock-down SNU601 cells. However, we did not observe the induction of RASSF1A expression in DNMT3b knock-down SNU601 cells. We also observed demethylation of the RASSF1A promoter in DNMT1 knockdown SNU601 but not in DNMT3b-deficient cells (Supplementary Figure S3b ). These results suggested that DNMT1 and DNMT3b expression was efficiently reduced in SNU601 cells. Under these conditions, we found that EREG mRNA expression was restored in DNMT3b-deficient SNU601, not in DNMT1-deficient cells (Figures 3c and d) . To determine the DNA methylation status of the EREG promoter in the DNMT1-and DNMT3b-deficient cells, bisulfite sequencing of the EREG promoter was performed. In DNMT3b-deficient SNU601 cells, we observed the demethylation of specific CpG sites in the EREG promoter. However, we did not identify as many demethylated CpG site as in DNMT1-deficient SNU601 cells as in DNMT3b-deficient cells (Figure 3e) . We also confirmed these findings in other gastric cancer cell lines (AGS and SNU719) expressing low levels of EREG (Supplementary Figures S3c and d) . Taken together, these results strongly suggested that DNMT3b is closely associated with extensive methylation of the EREG promoter that results in the silencing of EREG expression.
Methylation Status and EREG mRNA Levels in Primary Gastric Tumor Tissues
We determined whether DNA methylation-mediated transcriptional silencing of EREG also occurs in primary gastric tumor tissues. First, pyrosequencing analysis revealed that region 2 of the EREG promoter was hypermethylated (40B80%) in 4 out of 13 (30%) primary gastric tumor tissues. However, low levels of CpG methylation (o40%) were found in region 4 ( Figure 4a ). Compared with the extensive methylation observed in the tumor tissues, the matched normal gastric tissues showed o20% CpG methylation in the EREG promoter, suggesting that EREG promoter methylation is not a cell line-specific event (Figure 4a and Table 1 ). Consistent with CpG methylation status, low levels of EREG expression were detected by qRT-PCR and western blotting in primary gastric tumor tissues in which the EREG promoter was methylated (Figures 4b and c, respectively) , suggesting that about 30% of gastric cancer patients lacked EREG expression because of cancer-specific aberrant DNA methylation of the EREG promoter. We also found that EREG mRNA expression was lower than average in 13 primary gastric tumor tissues compared with their matching normal tissues (Figure 4d ).
Accumulation of Active Histone Modifications after 5-Aza-CdR Treatment
As histone modifications and DNA methylation cooperatively interact to regulate gene expression at multiple levels, 31 we investigated whether DNA methylation status of the EREG promoter also affects histone modifications around the EREG gene. First, we evaluated the recruitment of RNA polymerase II (Pol II) and histone modification status around the EREG gene by a ChIP assay and qRT-PCR in SNU601 and SNU668 cells. The association of Pol II within the EREG gene coincided with robust enrichment of acetylated histone H3 (AcH3) and H3K4 tri-methylation (H3K4me3), consistent with active transcription of EREG in SNU668 cells (Figure 5a ). Similar to the absence of EREG expression, ChIP analysis revealed that Pol II, AcH3 and H3K4me3 levels were barely detectable at the EREG promoter region in SNU601 cells (Figure 5a ). H3K27 di-methylation (H3K27me2), a repressive histone modification mark, was significantly lower in SNU668 cells compared with SNU601 cells, similar to EREG expression.
To further elucidate the DNA methylation-mediated histone tail modification patterns, SNU601 cells containing the methylated EREG gene were treated with 500 nM of 5-azaCdR to restore EREG expression. On exposure to 5-aza-CdR, the levels of both Pol II and H3K4me3 in the EREG promoter region markedly increased and the level of H3K27me2 slightly decreased, indicating that methylated DNA is correlated with transcriptional repression (Figure 5b ). Taken together, these results suggested that hypermethylation of the EREG promoter associated with histone modifications induced the inactivation of EREG gene expression.
Cytotoxicity of Cetuximab Enhanced by 5-Aza-CdR Induction of EREG Expression
Cetuximab, a monoclonal antibody that inhibits EGFR, binds to the extracellular domain of the receptor and prevents ligand binding; this subsequently abolishes activation of the receptor tyrosine kinase activity. 34 Although cetuximab is considered to be a promising molecular targeting agent, this inhibitor does no significantly reduce cell proliferation in solid tumors. Therefore, many groups have investigated the combination of cetuximab with other drugs to enhance therapeutic efficacy. 35, 36 Interestingly, the effect of cetuximab can be enhanced in cells with high levels of EGFR ligands such as EREG and AREG. 3, 5 However, the results from this study showed that many gastric cancer cells did not express EREG because of aberrant DNA methylation. We therefore determined whether the restoration of EREG expression by 5-aza-CdR treatment in EREG-negative cells might enhance the cytotoxicity of cetuximab.
First, we tested a range of concentrations of 5-aza-CdR that could be used in combination with different concentrations of cetuximab to identify the non-cytotoxic levels of 5-aza-CdR. We determined that the appropriate dose of 5-aza-CdR not Figure 2 . These experiments were conducted at least in triplicate and the results of a representative experiment are shown. The statistical significance of EREG demethylation by DNMT3b knock-down was calculated using an unpaired Student's t-test and the P-value was o0.0005. Figures S4b-d) . To further verify whether 70 nM of 5-aza-CdR sufficiently induced EREG mRNA and protein expression, we confirmed our findings using qPCR and western blotting (Supplementary Figure S4a) . Cells with low levels of EREG expression (SNU601, SNU16 and SNU719) were incubated with 70 nM 5-aza-CdR (or DMSO as a control). After 2 days, 1-200 mg/ml cetuximab alone or 1-200 mg/ml cetuximab combined with 70 nM of 5-aza-CdR was added to the cells for 3 days. Interestingly, we observed that cell viability notably decreased among cells treated with a combination of cetuximab and 5-aza-CdR (Figures 6a-c) . Furthermore, exposure to the combination of cetuximab and 5-aza-CdR after pretreatment with 5-aza-CdR resulted in a significant reduction of cells growth. To further verify changes in EGFR signaling, we conducted an immunoblot analysis (Supplementary Figure S4e) . Although phospho-EGFR was increased with a combination of cetuximab and 5-aza-CdR after pre-treatment of 5-aza-CdR, phospho-AKT, a key downstream signaling effector of EGFR, was significantly inhibited. Figure S4e) . Interestingly, we found that a combination of cetuximab and 5-aza-CdR along with 5-azaCdR pre-treatment greatly induced the cleavage of caspase-3, suggesting that treatment with cetuximab and 5-aza-CdR strongly induced cell apoptosis. In addition, increased 0o % o20 7/13 (54%) 11/13 (85%) 0o % o20 7/13 (54%) 13/13 (100%) 20o % o40 2/13 (15%) 2/13 (15%) 20o % o40 6/13 (46%) 0/13 (0%) 40o % o60 1/13 (8%) 0/13 (0%) 40o % o60 0/13 (0%) 0/13 (0%) 60o % o80 3/13 (23%) 0/13 (0%) 60o % o80 0/13 (0%) 0/13 (0%) 80o % o100 0/13 (0%) 0/13 (0%) 80o % o100 0/13 (0%) 0/13 (0%) numbers of apoptotic cells were detected by Annexin V assay (Supplementary Figure S4f) . Finally, we tested the effects of treatment with a combination of 5-aza-CdR and cetuximab using SNU601 xenograft model (Figure 6d ). We found that treatment with cetuximab and 5-aza-CdR (combination group) completely inhibited tumor growth in the SNU601-bearing mice. However, significant growth inhibition was not detected in mice treated with cetuximab alone or 5-aza-CdR alone. Taken together, our results give a rise a new concept that combinational treatment with 5-aza-CdR and cetuximab may be an effective therapeutic strategy for treating cancer.
associated with any cytotoxicity was 70 nM (Supplementary
DISCUSSION
Compared with other EGF family members such as EGF, TGF or NRGs, the biological function of EREG (an EREG ligand) has not been extensively studied. In many human cancers, EREG is overexpressed, and promotes cell growth and migration. 37, 38 EREG also increases cell differentiation and survival. However, some studies have shown that EREG inhibits the growth of tumor-derived epithelial cell lines. 2 Recently, it was shown that the cytotoxic effects of cetuxtimab are strongly correlated with the expression levels of EREG and AREG, another ligand of EGFR. 6, 7 Thus, EREG is considered to be a putative biomarker that may help predict outcomes and disease control in colorectal cancer patients treated with cetuximab. 6, 7 However, no studies have been conducted to elucidate the role of EREG in gastric cancer development.
In this study, we investigated the regulatory mechanisms of EREG expression in human gastric cancer to identify a new biomarker for establishing an effective cancer treatment strategy based on epigenetic status. We found that expression of EREG was significantly silenced in human gastric cancer cells (60%) and primary gastric tumor tissues (30%) because of aberrant DNA methylation of the EREG promoter. Although the EREG promoter was not methylated in gastric cancer cells with a high level of EREG expression (SNU5, SNU216, SNU638 and SNU668), hypermethylation around the EREG promoter region (Figure 2 ) was observed in cells lacking EREG expression (SNU1, SNU601, SNU620, SNU719 and AGS). In cells with intermediate levels of EREG expression (SNU16 and SNU484), about 40% CpG methylation in region 2 of the EREG promoter region was observed (Supplementary Figure S2) . Region 2 is located 200-bp upstream of the EREG gene transcription start site. In contrast, o10% of the CpG sites in region 4, which is sequentially located downstream of region 2, were methylated in SNU16 and SNU484 cells lacking EREG expression, indicating that the level of EREG transcription is strongly associated with methylation in region 2 of the EREG promoter (Figure 2 and Supplementary Figure S2) . DNA methylation is catalyzed by DNMTs. 16 To identify which DNMT specifically contributes to de novo EREG promoter methylation, the dependency of EREG methylation on each DNMT was evaluated by transient DNMT knock-down with siRNA using a previously described technique. 16 Loss of DNMT3b, but not DNMT1, led to demethylation and recovered expression of silenced EREG in SNU601 cells, supporting the hypothesis that methylation of the EREG promoter is mainly regulated by DNMT3b. As restoration of demethylation following DNMT3b depletion ( Figure 3 ) was less significant than that observed after treatment with 5-azaCdR (a DNA demethylating agent), we cannot exclude the possibility that other DNMTs may have partially contributed to EREG promoter methylation. We also confirmed the knock-down of DNMT1 and DNMT3b; however, the siRNAinduced knock-down of DNMT3b induced a twofold increase in DNMT1 mRNA (Figure 3 ). This result is consistent with that of a previous report 23 and may be caused by compensation for DNMT3b reduction. As increased DNMT1 levels can interfere with the effect of DNMT3b depletion, further study is therefore required to assess compensatory mechanisms involving both DNMTs.
It has been shown that histone modifications are often associated with DNA methylation. 39, 40 Concurrent with this finding, our results showed that transcriptional silencing of EREG was strongly correlated with repressive histone modification marks such as deacetylation of histones H3, loss of H3K4me3 and gain of H3K27me2 (Figure 4) . Moreover, we found that treatment of SNU601 cells with 5-aza-CdR led to a remarkable increase in H3K4me3 occupancy and a minor decrease in H3K27me2 around the EREG gene. These findings suggested that DNA methylation in the EREG promoter region can directly affect histone modification patterns and significantly repress EREG expression. Thus, functional activation of H3K4 methylatransferases MLL1, 2 and 3, and Set7/9 [ref. 41] as well as concomitant treatment with a demethylating agent may synergistically induce the transcription of aberrantly silenced EREG genes.
Data from our present study on the regulatory mechanisms of EREG also have potential implications for the combined use of a demethylating agent with cetuximab, a well-known EGFR inhibitor, in clinical settings. 42 Recently, it has been reported that colorectal cancer cells with high levels of EREG and AREG are more sensitive to cetuximab than cells with low expression. 6, 7 Based on these studies, we hypothesized that the combination of 5-aza-CdR and cetuximab exerts a synergistic antitumor effect on cells lacking EREG expression via DNA methylation. As expected, combined treatment with cetuximab and 5-aza-CdR enhanced cytotoxicity and led to apoptosis in vitro and in the in vivo model ( Figure 6 and Supplementary Figure S4e) . Moreover, we found that relative to treatment with cetuximab alone, pre-treatment with 5-aza-CdR significantly enhanced the cytotoxicity of cetuximab and decreased the viability of gastric cancer cells in which EREG is methylated. Therefore, restoration of EREG expression by a demethylating agent in cancer cells lacking EREG expression may enhance sensitivity to cetuximab although 5-aza-CdR is associated with nonspecific effects in these cells. Thus, our observations add new insight into the mechanisms underlying cancer therapies that increase the efficiency of targeted anticancer drugs, including cetuximab, with low-dose 5-aza-CdR treatment. 43 In summary, we identified the molecular mechanism of EREG transcriptional silencing in human gastric cancer. EREG expression was markedly downregulated by aberrant DNA methylation and accompanied by repressive histone modification marks. Loss of EREG expression was found in 60% (7/11) of human gastric cancer cells and 30% (4/13) of primary gastric tumor tissues examined in our study. EREG expression was inversely correlated with CpG methylation of the EREG promoter. Restoration of EREG expression by 5-aza-CdR impaired promoter methylation, which was mostly targeted by DNMT3b but not DNMT1, and increased the appearance of active histone modification marks associated with EREG expression. Furthermore, treatment with 5-aza-CdR followed by cetuximab resulted in a significant antitumor effect on cetuximab-resistant gastric cancer cells. Taken together, our results indicated that the epigenetic properties of the EREG gene may be harnessed in combination with the use of other appropriate drugs for establishing effective anticancer treatments.
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